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PURPWSE OF STUDIES 

The hydraulic model investigations described herein concern the 
development of an appropriate hydraulic s t r ~ c t u r e  f o r  t he  o u t l e t  ends of 
t h e  Grand Coulee Pumping Plant discharge l i n e s  where they empty i n t o  t h e  
feeder  canal t o  t he  i r r i g a t i o n  storage reservo i r  i n  the  Grand Coulee. 

CONCLUSIONS 

The proposed s t r a i g h t  I.40-foot-l01& t r ans i t i on  connecting t h e  pump 
o u t l e t  s t ruc ture  t o  the feeder canal w a s  too sho r t  t o  give smooth flow. 

A t r ans i t i on  193 f e e t  .lor4 and curved i n  plan t o  f i t  ex i s t ing  e x a -  
vat ion was developed and found sat isfactory.  

The c i ~ c u l a r  siphon ou t l e t  was the simplest t o  construct and had t h e  
lowest overa l l  l o s s  f o r  a wider operating range than e i ther  t h e  branching 
siphon or  t h e  f l o a t i n g  r a d i a l  gate. 

The priming charac te r i s t i cs  of t h e  o r ig ina l  c i rcu la r  siphon ou t l e t  
were i'nadequate because at l e a s t  six pumps would have t o  be operating a t  
maximum capacity t o  provide enough t a i lwa te r  t o  prime the siphons when 
the  storage reservo i r  l eve l  i s  such that there  w i l l  be no backwater e f f e c t  
on t he  flow i n  t h e  canal. 

The energy l o s s  through the  o r ig ina l  c i r cu l a r  siphon ou t l e t  was 
higher than necessary a t  low tdlwaLer  elevations.  

A c i r cu l a r  siphon ou t le t ,  capable of priming with a ta i lwate r  ele-  
vat ion i n  t h e  feeder-cand t rans i t ion  corresponding t o  t h a t  f o r  two 
pumps operating and with free flow at  t h e  end of the  feeder canal, was 
developed. This siphon ou t l e t  design had a low energy lo s s  f o r  t h e  f u l l  
range of t a i lwa te r  elevations. 



The hydraul ic  l o s se s ,  using the  c i r c u l a r  siphon o u t l e t ,  w i l l  be no 
g r ea t e r  than t h e  losses  which would r e s u l t  from discharging the  12-foot- 
diameter pump l i n e s  d i r e c t l y  i n t o  the bottom of t he  feeder-canal t r ana i -  
t i on .  

There w i l l  be no cav i ta t ion  o r  separat ion i n  t h e  water column i n  
t h e  siphon bend under normal operating condit ions.  

The 30-inch siphon vent systems w i l l  have su f f i c i en t  capacity t o  
prevent backflow i n  t he  p u p  l i n e s  f o r  a l l  operating conditions. 

1. Use t h e  longer and curved feeder-canal t r a n s i t i o n  t o  connect 
t h e  pump l i n e  o u t l e t  s t r uc tu r e  t o  the canal .  

2. Use t h e  c i r c u l a r  siphon bend on t he  discharge ends of t h e  pump 
l i n e s .  

3. Take spec ia l  care during construction of t h e  pump l i n e s  t o  
ob t a in  smooth continuous pasa;boes i n  t h e  siphon bends so t h a t  i r regu-  
l a r i t i e s  w i l l  not  e x i s t  t o  produce l o c a l  d i s con t i nu i t i e s  where cavi-  
t a t i o n  nnd p i t t i n g  might occur. 

4. Provide a time delay f o r  rec los ing t h e  siphon vents,  once they  
have been opened, t o  allow the tvater column on t h e  pump s ide  of t h e  
siphon t o  reach a s u f f i c i e n t l y  low elevat ion t h a t  t h e  vacuum produced 
by closing the vents  too  rap id ly  would not  col lapse  t h e  l ines .  

5. Install s u f f i c i e n t  instrumentation i n  t h e  prototype s t r uc tu r e  
and make adeqxate f i e l d  t e s t s  t o  determine t h e  operating cha rac t e r i s t i c s  
of t h e  s t ructure .  

D e s c r i ~ t i o n  of ?rotot.me 

The Grand Coulee Pumping P l a n t  w i l l  be located on t h e  west bank of 
Zake Roosevelt adjacent  t o  t h e  l e f t ,  o r  west, abatment of Grand Coulee 
Dam, Figure 1. S t  w i l l  include 12 pumps, each having a m a x i m u m  capaci ty  
of approximately 1,650 second-feet.. Power f o r  t he  pumps w i l l  be fhrnished 
by generators a t  Grand Coulee Dam, and it i s  planned t o  operate t h e  pump3 
i n  p a i r s  s i nce  two u n i t s  w i l l  require  t h e  capaci ty  of one generator. The 
water  i>umped by these  u n i t s  w i l l  discharge i n t o  ind iv idua l  12-foot- 
diameter cond-iaits t o  be ra i sed  300 f e e t  above Lake Roosevelt be fore  being 
re leased i n t o  a feeder  canal where it w i l l  flw 1.75 b l e s  t o  the 
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syrface i n  the  storage reeervoir w i l l  be' at elevation 1570. Ths imrt 
a t  the upstream end of the feeder canal w i l l  be a t  elevation 1548.65. 

An arrangement was propoaed i n  which the discharge ends of t b  
pump l ines would be submerged i n  the entrance s t m c t u r e  t o  the feeder 
canal since this would inaure the minimum pumping head f o r  a l l  pump 
combinations and storage reservoir elevations. A siphon bend or cheak 
ga te  was proposed f o r  the exit of each discharge l i n e  t o  prevent return 
flow i n  the conduits when the  pumps were not running. The minimum 
pumping head for a siphon can be realized only i f  the  discharge l i n e  
operates with no break i n  the water column and there is  no accumulation 
of air i n  the  c rom of the siphon bend. Baakflm in the design con- 
ta in ing  siphone was t o  be prevented by air vnlvee which would open 
automatically t o  vent the crowns of the  siphona when the pUlp0 stopped. 
Backflw i n  the  design using gates was t o  be prevented by the gate8 
automatically lmer ixq  when flow i n  the  nomnal direct ion ceased. 

A t ransi t ion s tructure was provided between the discharge ends of 
t h e  12  pump l ines  and the feeder canal t o  t ransfer  the  water moothly 
f:om the wide out le t  s t ructure to the narrower feeder c b d .  

Scope of Model Tests 

The model t e s t s  made t o  accomplish the hydraulic dtasign of the pump 
l i n e  outlet  s t ructure and f e e d e r - c a d  t ranai t ion  were cjoncerned with 
four  separate investigations which included the selection of the type of 
pump discharge out lets ,  the design of the  t rans i t ion  from the  pump l i n e  
o u t l e t  a t r ~ c t u r e  t o  the feeder canal, the priming characteristics and 
energy 1,osses of the selected siphon out le t ,  and the  flow conditions i n  
t h e  siphon bend. 

The three designs of pump f ine  out la te  studied on a lr24-s(zd.a model 
t o  compare the head losses were: 

a. A siphon with a f l a t b n e d  lsection a t  the high point which 
separated in to  two conduits before terminating in the a d  t ransi-  
t ion  (~igure 2-A). 

b. A f loat ing r a d i a l  gate with an i n t e r n d  air chamber of' 
suff icient  s i ze  t o  cause the gate t o  f l o a t  when the pumps were oper- 
a t ing and water was flowing i n  the normal direction, a d  which would 
loner rapidly i n t o  the closed position t o  prevent loss  of water from 
the  storage resemoir  when the punps were stopped ( F ~ V  20~) .  

c. A siphon with a simple circdar cross-section, easy t o  
construct,and requiring a rela3ively narrow t ranai t ion t o  the  feeder 
canal ( ~ i g i m e  2-C) . 



discharge ou t l e t s  and the  feeder oanal was accomplished through inveoti-  
gat ions  on a 1:24 model of t he  ou t le t s  and t rans i t ion .  The c r i t e r i o n  
was t o  obtain acceptable hydraulic flow conditions i n  the  t r ans i t i on  
f o r  any combination of pumps operating, from a dnimUm of 2 t o  a maximum 
of 10 pwnps. 

Improvements i n  t h e  priming charac te r i s t i cs  and the  determination 
of energy losses  f o r  t he  selected siphon ou t l e t  design were accomplished 
through s tudies  conducted on a 1 t o  18 sca le  model containing t h e  siphon 
bend, siphon ou t l e t ,  and feeder-canal t rans i t ion .  It was e s sen t i a l  t h a t  
t h e  ou t l e t  have a low energy l o s s  and t h a t  the  siphon flow ful l  t o  obtain 
t h e  minXmum possible pumping head. Included i n  these  s tudies  were t e s t s  
t~ ver i fy  t h e  a b i l i t y  of the  oiphon vents  t o  prevent baakf lm i n  t he  
l i n e s  when the  p w s  were stopped. 

It w i l l  be possible t o  develop a vacuum of 25.5 feet  of water (6.5 
f e e t  of water absolute pressure a t  the  damsite) i n  t he  c r m  of t h e  
prototype oiphon under ce r ta in  normal operating conditions. A 1 t o  18 
sca l e  model w a s  constructed with a transparent soction i n  order t o  observe 
t h e  f l m  conditions and determine whether cav i ta t ion  o r  separation of 
t h e  water column would occur a t  these conditions. The model was operated 
a t  prototype pressures and ve loc i t i e s  f o r  these s tudies .  

XNVESTIGATION FOR SELEXTION OF PUIn D1SCHARC;E OUTmT DESIGN 

Description of Model 

Tlwee types of controls f o r  the  ou'tlets of t he  discharge l i n e s  were 
proposed by t h e  Design Section f o r  study i n  t h e  hydraulic model ( ~ i g u ~ e  2). 

The siphon, designated as Design 1 ( ~ i g ~ ~ e  2-6) was represented by 
a 1 t o  24. sca le  model constructed from laminated p l a s t i c  while those 
designated a s  Designs 2 and 3 ( ~ i g u r e s  2-B and C )  were represented by 
models of t he  same sca le  constructed of sheet  metal. 

The method used i n  t h e  constraction of t h e  p l a s t i c  model was novel. 
Sheet-metal templets representing cross-sections of t he  conduit a t  
selected s t a t i ons  were mounted on a wooden saddle and a p l a s t e r  mortar 
was f i l l e d  and screeded between them t o  form a male mold ( ~ i g u r e  3-A). 
A p l a s t e r  female mold was c a s t  from t h e  male mold, and it i n  t u rn  waa 
used t o  ca s t  a hollow core, o r  second male mold, which was used as a . 

form upon which t o  fabr ica te  t he  final model. The form was wrapped 
f i r s t  with plastic-impregnated g lass  c lo th  and 'then with a canvas dlpped 
i n  a p l a s t i c  solution.  The p l a s t i c  was cured under infra-red lamps and 
t h e  hollow core broken and removed, leaving a hardened s h e l l  approximately 



1/8-inch th ick  (Figure 3-B).  This type of construction proved very 
sa t i s fac tory  a s  it was accurate, lightweight, easy t o  inst.all,  and re ta ined 
I ts  shape despi te  i ts complexity. 

Tho th ree  models were connected t o  a supply manifold with t h e i r  
discharge flowing i n t o  a common t a i l bay  having a gate f o r  reg~i la t ing  
the  depth of the  ta i lwater .  They ae re  arranged i n  t h i s  manner t o  
f a c i l i t a t e  comparison of hydraulic losses.  

Piezometers were i n s t a l l ed  a t  corresponding locat ions  in the  three 
designs t o  obtain t he  overal l  head l o s s  frorn t h e  entrance t o  the  exi t ,  
The r a t e  of flow i n  each case was 0.567 cfs, corresponding t o  1,600 cfs 
f o r  tho prototype. The tailwater depth a.t the  entrance t o  t h e  feeder 
canal was varied t o  represent various numbers of pumps i n  operation 
and water surface slevaf.ions i n  the  Grad  Coulee storage reservoir. 
The depths used on the  model corresponded t o  those shown i n  Figure 4 
f o r  f r e e  flow a t  the  downstream end of t h e  c m a l  and a roughness factor 
of N = 0.034. This cumre W P , ~  used since more ssvere flow'conditions 
were obtained with t h e  l m  ta i lwate r  elevations. 

Selection of 'pype of Outlet f o r  Rmr, Discharge Lines 

The r e s u l t s  of t he  t e s t s  conducted on the  three  models e re  shown 
graph icd ly  i n  Figwe 5 where the  overa l l  head l o s s  from the  entrance 
manifold t o  the tailwater is p lo t ted  versue ta i lwate r  aepth. The 
following t ab l e  contains values from F i w e  5, giving comparative head 
losses for, t h e  d i f f e r en t  designs. 

Table 1 

H W  MSSES FOR THE TIl.REE DESIGNS OF OUTUT CONTHOU 

- 
No of pumps: : Tailwater : Overall l o s s  i n  ft of water 

operating : Discharge :Depth in: *- ( ~ r o t o t n e )  
a t  : i n  c f s  : f t  a t  : Elev :Design: Design 2 :Design 

1,600 c f s  : (prototype) :headwall:in f t  : 1 :36,000 lb:62,000 lb: 3 

4 : 6,L+00 : 1 % .  :1560.7: 1.4 : 2.6 : : 1.1 

6 : 9,600 : 15.0 :1563.6: 1.4 : 1.5 : 3.1 : 1.1 

8 : 12,800 : 17.3 :1565.9: 1.4 : 1.1 : 1.9 : 1.1 

1 0  : 16,000 : 19.3 :1567.9: 1 . 4 :  0.9 : 1.2 : 1.1 
. 

1 2  : 19,200 21.2 :1569.e: 1.4 : 0.8 : 0.9 : 1.1 



senting prototype s t ruc tures  weighing ,36,00O and 62,000 po&ds, respec- 
t ive ly .  The heavier model g e m  a higher loas,  requiring s @eater depth 
of water on the  pump s ide  t o  cause it t o  f loa t .  

Design 3 was selected f o r  fu r ther  invest igat ions  because of i t s  
s impl ic i ty  of construction and higher operating eff ic iency over a wide 
range of water surface elevations i n  t h e  canal. 

INVESTIGATION FEEDER- CANAL TRANSITION 

D e s c r i ~ t i ~ n  of Model 

A 1:ZL: model of t h e  or ig ina l  design, F i  e 6-A including 1 2  dis- 
charge ou t le t s ,  the  feeder-canal t r ans i t i on  $" t a l l b a y  r , and a short length 
of t he  feeder canal, w a s  constructed t o  study the  flow conditions i n  t h e  
t r a n s i t i o n  f o r  various combinations of pumps i n  operation, The siphon 
bends were attached t o  a common head supply box, They were constructed 
of metal and terminated i n  a sheet-metal-lined wooden box i n  which the  
boundary surfaces of t h e  t r ans i t i on  and canal sect ion were constructed 
of concrete. A hinged gate was i n s t a l l e d  at t h e  end of t h e  model f o r  
regulating t he  depth of water i n  t he  canal. Voaden blocks inser ted  i n  
t h e  upstream ends of the  individual model conduits permitted a study of 
any desired pump combina%ion. 

Flow Conditions i n  Feeder-cad Transi t ions  

The change i n  cross-sectional area i n  the  or ig ina l  design of t h e  
fee2er-canal t r ans i t i on  was too rapid, inducing a high accelerat ion t h a t  
resu l ted  i n  a turbulent  water surface ( ~ i g u r e  7). Since the  widths a t  
t h e  entrance and t he  exit  of the  t r ans i t i on  were f ixed  by the  pump out- 
l e t s  and t h e  canal cross-section, t he  o n l y  means of making the  change i n  
cross-section more gradual was t o  lengthen the  t rans i t ion ,  Additional 
f i e l d  da ta  obtained at th i s  time indicated t h a t  the  e n t i r e  t r a n s i t i o n  
would need t o  be curved i n  plan t o  f i t  t h e  alinement of t he  excavation 
already completed. The revised design w a s  made about 50 percent longer 
than  the  original and c m e d  t o  f i t  t h e  excavation ( ~ i g u r e  6-B). 

The water surface on the  ins ide of the curve was still rough, but 
there  was improvement over t h a t  f o r  t h e  s t r a i g h t  t rans i t ion .  An attempt 
was made t o  improve the  flow fur ther  b y  lessening t h e  r a t e  of corsvergence 
as shorn i n  Figure 8 (recommended design). A s l i g h t  improvement was 
obtained. Flow conditions f o r  t h i s  design a r e  shown on Figure 9. Bacause 
of the  improvement i n  t he  flow charac te r i s t i cs  and appearance of the  
s t ruc ture ,  t h i s  design was recommended. The priming charac te r i s t i cs  of 
t h e  siphon were not investigated i n  t h i s  model due t o  t he  small size, 



To inves t iga te  the priming cha rac t e r i s t i c s  of t h e  siphons a 1:18 
sca le  model of the  pump o u t l e t  s t ruc tu re  was constrccted, using a s ing le  
pump l i n 9  and o u t l e t  and the  recommended design of t h e  feeder-canal 
t r a n s i t i o n  ( ~ i g u r e  10-A). Piezometers were laced i n  t he  walls of the  
pipe 53.6 inches (80 f e e t  6 inches' prototype k upstream from the  siphon 
c r e s t  snd i n  the  headwall of the  feeder-canal t r an s i t i on  ( s t a t i o n s  1 and 
2, Figure 10-A). The siphon bend and a sec t ion  of pipe immediately 
downstream were made of t ransparent  p l a s t i c  so t he  nabme of t h e  flow 
i n  t h i s  sect ion of the  s t ruc tu re  could be observed. A window was placed 
j.mmediately upstream from the  low point  i n  the  crown of t he  o u t l e t  t o  
permit observing t h e  start of t he  priming action. 

P r i ~ n i n ~  Charac te r i s t i c s  and Hydraulic Losses f o r  Various Exi t  Designs 

Idode1 t e s t s  on t he  o r i g ina l  c i r cu l a r  siphon ( ~ e s i g n  3,  Figure 2-C) 
showed t h a t  a t a i lwa t e r  e levat ion of 1563.4 would be required i n  the  
fu l l - s i z ed  feeder-canal t r a n s i t i o n  t o  prime t he  siphons. This condit ion 
would not  e x i s t  unless  six pumps were operating a t  m a x d m u m  discharge o r  
the re  was a backwater e f f e c t  from t h e  s torage reservoir .  Fa i lu re  of t h e  
siphons t o  prime would not  permit operation at  t h e  minimum pumping head, 
b e c ~ u s e  t he  water must then be elevated t o  t h e  c r e s t  of t he  siphon a t  
e levat ion 1571 ins tead of t o  t h e  water surface  e levat ion i n  t he  feeder 
canal. Therefore, changes i n  design would be necessary i n  order t o  make 
t h e  siphons prime and cbta in  good e f f i c i ency  wher. l e s s  than six pumps 
were operating. 

The t e s t s  on Design 3 showed t h a t  a r e l a t i v e l y  low l o s s  i n  energy 
occurred between S t a t i ons  1 and 2 when t h e  t a i lwa te r  e levat ion was 
s u f f i c i e n t  t o  submerge the  out le t  opening. The l o s s  increased rap id ly  
as the  t a i lwa te r  decreased ( ~ i g u r e  10-G). 

A s e r i e s  of desigrls was tes ted  t o  obta in  a siphon o u t l e t  which would 
prime a t  t he  lowest poss ible  t a i lwa te r  and have a miniram l o s s  of energy. 
The width of t he  model siphon exit was maintained t o  represent  12 f e e t  
L-1/2 inches t o  conform t o  the  dimensions of .the feeder-canal t r an s i t i on .  

In Design 4 t he  discharge l i n e  a t  t h e  upstream end of t he  siphon 
e x i t  t r a n s i t i o n  was lowered t h e  equivalent  of 6 f ee t .  The e levat ion 
and height  of t h e  e x i t  were t h e  same a s  i n  Design 3 (shown by dot ted  
l i n e s  on Figure 10-B). The siphon primed a t  a lower t a i lwa te r  e levat ion 
(F'igure 10-F), but  the re  was an appreciable increase i n  energy l o s s  
( ~ i g u r e  10-G), sa f u r t he r  changes were made. 



The e x i t  opening was lowered the equivalent of 6 f e e t  10 inches, and the  
divergence of the  t r ans i t i on  decreased t o  7' ( ~ i g u r e  10-c). The e x i t  
height was made 16 f e e t  4 inches (prototype). The ta i lwater  depth f o r  
priming was less than f o r  e i t he r  of %he previoils designs, and the  energy 
l o s s  a t  low ta i lwate r  was l e s s  than f o r  Design 4. However, the t a i lwate r  
depth required f o r  priming was s t i l l  g rea te r  than desired. 

I n  Design 6 the  f loor  a t  the exit was lowered t o  elevation 1539.29. 
The upward slope of the  roof was made 1' and the  slope of the  f l oo r  was 
made 6 O  t o  produce a 7' divergent passage with an exit height of 16 f e e t  
6 inches (pzgototy, d )  ( ~ i & u r e  10-D) . A fur ther  decrease i n  the overa l l  
l o s s  was obtained a t  the  lower ta i lwater  elevations and l e s s  .t;ailwater 
was needed t o  s t a r t  the  priming ( ~ i y r e s  10-C and FJ. I n  f a c t ,  t h e  tail- 
water elevation required t o  prime was s l i g h t l y  l e s s  than the  water surface 
e levat ion i n  the  feeder-canal t r ans i t i on  when there  was no backwater 
e f f e c t  from the storage reservoir  and only two pumps were operating. 

Design 6 required t h a t  the  f l oo r  of the  feeder-canal t r ans i t i on  be 
lowered i n  t h e  v i c i A t y  immediately do.mstream from the  pump l i n e  out le ts .  
A s  t h i s  would necessi ta te  addi t ional  excavation, it was desi rable  t o  
determine o shape of the  lowered section which would require  t he  minimum 
excavation. The lowered portion of the feeder-canal f l oo r  w a s  extended 
hor izontal ly  domstream from the headwall a t  the  same elevat ion,as  t h e  
bottom of the  siphon e x i t  and was connected t o  t he  main f l oo r  of t he  
t r a n s i t i o n  by a 3 : l  slope. Horizontal extensions of 8, 16, and 24 f e e t  
were tested. The 8-foot extension gave acceptable charac te r i s t i cs  as t o  
priming, and there  was no apparect difference between the  energy losses  
for t he  three  extensions, Since it was s t ruc tu ra l l y  undesirable t o  make 
t h e  extension shor ter  than 8 fee t ,  t h i s  length was adopted f o r  Design 6 
and a l l  subsaquect designs. 

I 
A s  the  performance of Design 6 was sa t i s f ac to ry  and it was urgent 

t h a t  the f i n d  design be  ciutsined so t h a t  rock excavation f o r  the proto- 
type s t ruc ture  could be completed on schedule, Design 6 w a s  selected by 
t h e  Canals Division for detai led s t ruc tu ra l  studies.  This design, incor- 
porating revis ions  dic ta ted by s t ruc tu ra l  features ,  was l a t e r  returned t o  
the  Hydraulic ' ~abo ra to ry  for  f i n a l  t e s t i n g  and was designated Design 8 

I ( f i n a l  design). I n  the  meantime, the  t e s t  program was continued t o  
determine whether addi t ional  performance improvements could be obtained . f o r  the higher t a i lwate r  elevations.  

In  Design 7 the slope of the t r ans i t i on  f l o o r  was increased t o  8' t o  
forn a 9 O  divergent passage w i t h  an e x i t  height of 17  f e e t  8 inches (proto- b 

typs). The energy loss was l e s s  than fo r  Design 6, but there  was a s l i g h t  
increase i n  t h e  ta i lwater  elevation required f o r  priming the  siphon 
(Figures 10-G and 7). 



energy l o s s  could be obtained by i n c r ~ a s i n g  t h e  divergence of t h e  siphon 
o u t l e t ,  f t  i7ns d e s i r a b l e  t o  continue t h o  t e s t s .  However, due t o  more 
urgent  work and t h e  n e c e s s i t y  of mak!.nq a f i n a l  check of t h e  r ev i sed  
ve r s ion  of Design 6 submitted t o  t h e  l a b o r a t o r y  by t h e  Canals Division, 
it was not  p o s s i b l e  t o  conple te  the  i n v e s t i g a t i o n  u n t i l  a l a t e r  date .  

I n  Design 9 ( ~ e s i g n  8 being the rev ised  ve r s ion  of Design 6 which i s  
discussed  subsequently) ,  t h e  siphon o u t l e t  f l o o r  was s loped downward a t  a n  
a n f l e  of 11° mokjng a 12O divergent  passage with an exit he igh t  of 18 f e e t  
1 0  inches  (protot,ype). This i nc rease  i n  e x i t  area r e s 2 l t e d  i n  # the  lorvest 
energy l o s s  of any design t e s t e d ,  whi le  t h e  priming c h a r a c t e r i s t i c s  
remained t h e  same as Design 6 ( ~ i g u r e s  10-C and F) . 

Design 8 ( ~ e s i g n  6 modified t o  meet s t r u c t u r a l  cond i t ions )  d i f f e r e d  
frorn Design 6 i n  t h a t  t h e  roof  a t  t h e  e x i t  w a s  lowered t o  e l e v a t i o n  1555.32, 
t h e  s lope of t h e  o u t l e t  f l o o r  was increased  t o  90 and the f low passage was 
extended 7 feet dom~stream ( ~ i g n e  10-E). Tes t s  showed t h a t  Design 8 
required less  t a i l w a t e r  f o r  priming than  any o t h e r  design,  a l though 110% 

muck l e s s  than  f o r  Designs 6 and 9. The energy l o s s  was increased  s l i g h t l y  
over  t h a t  of Design 6, poss ib ly  because of t h e  increased  l e n l ~ t h  of t h e  
passage. Because of i t s  good priming c h a r a c t e r i s t i c s  and acceptable  
energy l o s s e s ,  this design was r e t a i n e d  as t h e  f i n a l  design. 

Computation3 i n d i c a t e  t h a t  t h e  l o s s e s  inctlrred through t h e  u s e  of 
t h e  c i r c u l a r  siphon, w i t h  t h e  f i n a l  o u t l e t  des ign  ( ~ e s i g n  8) ,  a r e  no 
g r e a t e r  than  t h e  l o s s e s  which mould reslalt from discharg ing  t h o  
l i n e s  d i r e c t l y  i n t o  t h e  bo t ton  of t h e  feeder-canal  t r a n s i t i o n .  

E f fec t iveness  of Siohor! Vents f o r  P r a v e n t i w  Baclrflow 

The a c t i o n  of t h e  siphon ven t s  i n  break in^ t h e  s iphon ic  a c t i o n  t o  
prevent  backflow when power t o  t h e  pumps i s  i n t e r r u p t e d  was s b ~ d i e d  or, 
t h e  1:13 model of t h e  p m p  o u t l e t  s t ruct . t l re  (~i ,c ;ure 10-A and E). A 
c i r c u l a r  p l a s t i c  p ipe  wi th  an i n s i d e  diameter  equiva lent  t o  30 inches  
and a l eng th  equiva lent  t o  52 inches was placed h t  t h e  cruan of t h e  
siphon. This  vent ,  which was machined f l a t  on t h e  top ,  was opened ar.d 
c losed  by s l i d i n g  n metal  p l a t e  coated with gzease ac ross  t h e  opening, 
Tests were nade by e s t a b l i s h i n g  flow i n  t h e  normal d i r e c t i o n ,  s topping 
t h e  supply pmp,  find then  s l i d i n g  t h e  s traight-edged p l a t e  a c r o s s  t h e  
v e n t  t o  opec i t  s u f f i c i e n t l y  t o  broak ' the  siphon. Time delays f o r  opening 
t h e  ven t  vary ing  Zrom nea r ly  zero  up t o  t h e  time requi red  f o r  complots. 
r e v o r s n l  of flow, apt1 t a i l a a t e r  e l e v a t i o n s  varyjn:: f r o 2  a ninim-m of 
1 5 4 5 . 5  t o  t h e  maxim~n of 1571.9 .#err. :ised. The s t u d i e s  indicateed t h a t  
t h e  ?@-inch ven t  systems could  be capable of breaking t h e  siphotlic act-ion 
under a l l  condi t ions  end vrould thus  prevent  b o c k i ' l o ~  i n  t h e  p l * o t ~ t y . ~ e  
l i n e s  whenevsr , the  pu~nps are stopped. 



been opened, t o  sllovr t h e  colurnn of watbr  on t h e  punp-sidi  of t h e  siphon 
t o  reach  a s u f f i c i e n t l y  low e l e v a t i o n  t h a t  t h e  vacuum produced by c los ing  
a v e n t  t oo  r ap id ly '17 i l l  no t  co l l apse  t h e  l i n e .  

Computations i n d i c n t e  t h a t  it i s  poss ib l e  f o r  t h e  pressure  i n  t h e  
t o p  crf t h e  sipllon bend t o  reach  approx5.rnately -30 f e e t  of water gage 
should t h e r e  be reverse flow and t h e  r e l i e f  va lve  fa i l s  t o  open, 

X IWXST 1 SAT1 3PJ OF S TI% OIJ BEND 

A 36O, 9 ' ,  8-inch-diameter bend, wi th  a r a d i u s  of 2L inches  ,on t h e  
c a n t e r l i n e ,  was formed fromi t r a n s p a r e n t  p l a s t i c  s h e e t  and made geometri- 
c a l l y  similar t o  the  design chosen f o r  t h e  high p o i n t s  of  t h e  Grand Coulee 
pump l i n e s  ( ~ e s i g n  3, 7i63me 2-C). This model was mounted on t h e  roof of 
t h e  l abora to ry  (i"igme 11-A) t o  ob ta in  t h e  subatmospheric p re s su res  which 
w i l l  be prevalent  i n  t h e  prototype.  The model was supplied with n a t e r  
from a pump on t h e  main f l o o r  ( ~ i g u r e  11-13), The r a t e  of flow was regu- 
l a t e d  by a g a t e  va lve  on t h e  d ischarge  s i d e  of t h e  pump. The flow from 
t h e  ou%let  of t h e  siphon bend was r e tu rned  t o  t h e  sump approximately 
30 f e e t  below by a welded s t e e l  pipe. A valve  on t h e  lorver end of t h e  
r e t u r n  l i n e  r q g i l a t e d  t h e  p res su re  i n  t h e  p l a s t i c  s iphon bend, A p i t o t  
tube  was i n s e r t e d  i n  t h e  s ~ p p l y  l i n e  t o  determine t h e  w.ount of water 
f l o ~ i n g  through t h e  modal. The p r e s s w e  i n  t h e  s iphon bend was measured 
wi th  a U-tube mercury manometer. Two piezometers were provided, one i n  
t h e  crown and t h e  o t h e r  i n  t h e  i n v e r t  of t h e  l i n e  a t  t h e  high point .  

Pressure  and Flov Conditions i n  Sipho_n_send --- --.. - - - I _ - . - - -  

The t e s t i n g  cons is ted  of e s t a b l i s h i n g  vnrions r a t e s  of flow through 
t h e  p l a s t i c  bend, varying t h e  pressure  wi th in  t h e  bend and observing t h e  
t y p e  of flow i n  t h e  t r a n s p a r e n t  sec t ion .  Observations were pade f o r  
e i g h t  d i f f e r e n t  v e l o c i t i e s  wi th  p res su res  corresponding t o  those  shown 
i n  t h e  fol lowing t aS le .  



SUM!!mY OF' VELOCIT,ES AND PRESSUIBS IN iODEL SIPHON BEIi?) 
--.------ -- 

: Gage : Absolute pressure 
: Velocity : Q : pressure : at  crown 

Test : f t  per  sec  : e f s  : a t  crown : f t  of 
No : (model) : (model) : ( i n  of hg): -- water .- 
1 : 13.5 : 4.71 : -20.5 : 4.8 

A i r  ent rdnment  i n  t he  model was excessive during initial operation 
because the  pump sump was too  shallow and did not allow s u f f i c i e n t  sepa- 
r a t i o n  of t he  air from the  water before rec i rcula t ion.  The model operation 
was improved by increasing t h e  depth of t h e  sump box and adding more baf f l es .  

F!hsn one p a i r  of the  prototype pmps  i s  operating with a t o t a l  d i s -  
charge of 3,200 second-feet, and the re  i s  f r e e  flow from the  end of t h e  
feeder canal, t h e  e levat ion of the  surface at  t h 3  headwall of t h e  
feeder-canal t r a n s i t i o n  w i l l  be about 1558.0. Considering atmospheric 
pressure  t o  be 32.0 f e e t  or' water a t  t h e  a l t i t u d e  of G r q d  Coulee Dam, 
a pressure of approximately -25.5 f e e t  gage or  6.5 f e e t  of water absolute 
may be expected a t  t he  top of the  siphon bend (e levat ion 1583.5) i f  . 
f r i c t i o n ,  bend, expansion, and e x i t  l o s se s  and t he  force  t o  change t he  
d i rec t ion  of t h e  f lmr are considered. 

The magnitude of the  absolute pressure a t  t he  high point  of t he  
siphon bend was considered t o  be of primary importance, and t h e  t e s t i n g  
yas conducted with t h i s  f a c t o r  i n  mind. During the  t e s t i ng ,  when water 
was f&owing, it was noted t h a t  a . lo~ver  absolute pressure exis ted  a t  t h e  
c r e s t  than a t  t he  crown; f o r  instance,  i n  Teet 8, Table 2, t he  pressure 
a t  t he  c r e s t  was -18.0 inches of mercury compared t o  -17.5 inches a t  the  
crown. A s  t h i s  condit ion was not expected on t he  Pill-size structure, 
t he  reason fo r  i t s  presence on the  model was inirestigated and found t o  
result from using prototype ve loc i t i e s  i n  the  more abrupt ly  carved model 
Send. 

The d ~ d c  force  e f f ec t i ve  on water f lo~vinz  around a c ' m e  increases 
t h e  pressure 02 t h e  outside of t h e  curve and red.~ces  the  p r s s n e  on t he  



t h e  c r e s t  of the  Grand Coulee Siphon based on an average ve loc i ty  of 
14.15 f e e t  per second (prototype flow of 1,600 second-feet) and a bend 
with a radius  t o  center l ins  of 36 f e e t  was made using the  assumptions 
t h a t  the  ve loc i ty  has a constant value throughout the  cross-section, 
and t h a t  it va r i e s  inversely with t h e  radius  of curvature, s imilar  t o  . flow i n  a f r e e  vortex. The first nsswnption gave a pressure difference 
of 2,2 f e e t  and the  second, 1.64 fee t .  For ac tua l  flow condit ions the  
pressure dif ference w i l l  be between these two values, 

Two t e s t s  xere made t o  check the  calculated press*ne dif ference 
between t h e  crown and the  invert .  The node1 siphon was operated at 
prossures above atmospheric t o  f a c i l i t a t e  t h i s  measurement,, and t h e  
ve loc i ty  was reduced as near the  s ca l e  value of 3.33 f e e t  per  second 
a s  the  pump controls  would permit. The observed value of t h e  pressure 
difference i n  each t e s t  was adjusted t o  correspond t o  a ve loc i ty  of 3.33 
f e e t  per second (the equivalent of U.15 f e e t  per second pro to tme) .  
hIultipXyine t h i s  difference by the  sca le  r c t i o  gave the  prototype value 
of 1.74 f e e t  of water fo r  both t e s t s .  Tie absolute pressure a t  t he  
c r e s t  of t h e  siphon w i l l  be approximately 1 2  - 1.7 or 10.3 f e e t  greater  
than a t  t he  crown. 

The maximum veloci ty  used i n  t h e  model vras 18 f e e t  per  second which 
was higher tM t h a t  expected on t h e  prototype. The model was cperated 
with gage pressures a t  the  crown ranging from -23 t o  -10 inches of 
mercury (2  t'o 26 f e e t  of water absolute) .  

Par t i cu la r ly  deta i led observations were made i n  Test 8 s ince the  
pressure a t  t h e  crown of the  siphon and the  mean veloci ty  i n  the  bend 
corresponded closely  t o  those expected i n  the  prototype. i?o irregu- 
l a r i t i e s  of flow wer.e noted except t h a t  s m a l l  bubles of entrained a i r  
caused a s l i g h t  cloudiness of the  water. The bubbles, however, moved 

I as par t  of t he  flowing stream and showed no tendency t o  accumulate i n  
t h e  c r m  of t he  bend. 

No separation of the water column was evident at  any pressure greater  
than 3.1 f e e t  of water absolute. A t  t h i s  pressure separation was f i r s t  
indicated by t h e  formation of a cav i ty  o r  vapor pocket a t  the  point  where 
t h e  supply pipe joined the  t ransparent  s e c t i m .  This pressure is 3.4 
f e e t  of water lower than the  minimm pressure which w;ll occur i n  the . crown of t h e  siphon bend under normal operating conditions. 

Tne discont inui ty  a t  the j a i n t  i n  t h e  model caused more d i s t d a n c e  
i n  t he  flow than would be possible i n  the  prototype i f  t he  concrete sur- - 
faces  a re  smooth and contifiuous. Ssparation should not occur i n  the pro- 
totype i f  such surfaces are  obtained. 



of water, absolute, the cavity enlarged but did not form and collapse in 
typical cavitation manner or cause pulsation. When the pressure was 
reduced as much as possible in the model, the flow through tJ-9 siphon 
bend resembled the flow over a broad-crested weir. 

Water naturally has some air in so3ution which may collect in 
excessive amounts at points of low pressure if conditions for its 
removal by entrainment a r e  not favorable. Such an accumulation in a 
siphon bend will increase the pumping head. The model. data for both 
the scale and prototype conditions indicated that air would not accumu- 
late in the prototype siphon. Other information indicate0 that air 
will accumulate and should be removed by external meane if a minimum 
pumping head is to be realized. This information is included in 
Appendix I of this report. 
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A. Fattern fo r  model. 

B. Completed model. 

P l a s t i c  model of G m r i l  Coulee Pumping Plant siphon o u t l e t .  

Design No. 1, Branching type. 

Scale  1 to 24. 
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A. Transwrant model o f  siphon bend. 

B. C l r c u l a t d ~  pump and water supply piping. 

Model of Grand Coulee hnnping Plant discharge l i n e  siphon bend. 

Scale 1 t o  18. 
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April 2, 1948 

To: L. K. Mnires and W. Go Weber 

From: John Parmakian 
1 

Subject: Rate of A i r  Accumulation at the Siphon Outlete a t  Grand 
Coulee, Granby, and Tracy Aun?ing Plants. 

The purpose of the following etudy was t o  determine the r a t e  st 
which air can accumubata at the  creete of the sighon au t l e t s  rat  Grand 
Coulee, Granby, and T r a y  Pumping Plants. A seaxch of the available 
ewineering l i t e ra tu re  on t h i s  ~ u b J e c t  has indicated that e z e p t  f o r  a 
few isolated instal la t ions very l i t t l e  factual  de. a existe. .Recently 
t e s t s  were conducted by the Hydraulic ~abora to& j on a siphon wUch 
w a s  made out of 8 inch diameter pipe. !Them taete  indicated tha t  when 
the velocity of water i n  the pipe was i n  excees of about 4 f e e t  per 
aecond the siphon cleared iteelt" of ang air which tended t o  accwnrlote 
at the siphon crest .  Since the velocity of water in the discharge l iner  
i n  the punping plant8 which are  under 6tudy w i l l  nearly alwage be Fn 
excess of 4 f ee t  per second i t  can be erroneouely concluded tha t  i n  view 
of tlze t ee t  data on the siphon model, air cannot accumulate at the siphon 
creats  i n  the actual pumping plants. 

In the follovrlng paragraphe a d i scu~e ion  of an analyticsrl method of 
computation w i l l  be given for  determining the r a t e  at which alr m e y  be 
separated from the water at the c res t  ~f the siphon outlets. A diecue- 
sion w i l l  a l so  be given fo r  the conditions which must be present fa the 
pipe l ine  i n  order fo r  the siphon to  clear i t ee l f  of aay air which m a y  
be ee9arated from the water. 

2. A i r  Separation a t  Pump Impeller 

When a pipe l ine  i e  eupplied by a centrifugal pump there i e  i n i t i a l -  
l y  a physical distrubance is the flow of water at the pmp Impeller which 
caueee a i r  t o  be extracted from t'ne water near the pump, Thie type o f  
dlsturb+ce uoually causes many small bubbles of air or variouo airee to 
form. Due to the ouoyancy of air i n  w a t e r  there air bubbles w i l l  r i a e  
ver t ica l ly  i n  the phpe ao the column of water with the air bubbles mover 
toward the siphon. Duriw the time tha t  it takes the water colu~ln to  
reach the siphon, par t  of the a i r  bubbles w i l l  be re'diasolvsd in the 
w a t e r  and ?art of the air bubbles w i l l  r i ae  t o  the t o p  of the pipe t o  
form a seriee of larger bubblee. These larger bubble6 w i l l  then move v i th  

L/ The report on these teete has not yet  been published. The b t a  pertain- 
ing to these t e s t s  uaa obtained from J m  #. B a l l  of the Hydreulic Labore- 
t orjr . 



one, the sir  bubblee w i l l  acc&ulate at the siphon c res t .  ~ n f o r t u a a t e l ~ ~  
the  r a t e  at which air i s  removed from the water at the  pump impeller i e  
unknown as far  as the wri ter  h s  been ab le  t o  determine so that the r a t e  
o f  accumulation of air at the si._ohon c r e s t  cannot be accurately eetimated, 

3. A i r  Sewra t i on  a t  the Si3hon Outlet  Due t o  a Reduction i n  the  Preaaure 

It appears t o  be an establ ished f a c t  t h t  the amount of air which can 
be dissolve i n  water i s  e q r e s s e d  with su f f i c i en t  accuracy by Henryie Law , 
f o r  g a s e s . 4  Brief ly .  according t o  t h i s  L a w ,  the amount of air which o m  
be diesolved i n  the water depends upon the p a r t i a l  pressure of the  air 
which i s  i n  contact with the  water eurface. Thue ae the  air preesure 
increase8 the  amount of dieeolved air a l so  increases. I n  the caee o f  
a pum? l i n e  i na t a l l a t i on ,  water i a  drawn from a canal or reservoir  i n  
which the surface air pressure i s  eeeen t ia l ly  atnospheric preseure. 
klhen the  water coluan i n  the  p i ~ e  reachee t he  siphon, the  water and 8ir 
preseure in the p l y  w i i l  drop below atmospheric pressure. Inasmuch as 
t he  amount of dissolved a i r  i s  dependent upon the  pressure i n s ide  the  
pipe there  w i l l  be an immediate el imination of air at the s t - h o n  which 
w i l l  r e su l t  i n  the formation of minute air bubbles. T h l e  phenomena haa 
been observed i n  transparent  pipe models where the air bubbles a r e  die- 
cernible  only a8 a m i l k y  hue i n  the water. The ve oc i t y  of ascent of 
these wall bubbles i s  about 2 inches per  second.. 3 

Since the water which passes through the  siphon i s  e v o s e d  t o  the  
sub-atmospheric pressure fo r  a shor t  t i m e ,  only t ha t  por t ion of the water 
column near th'e top of the pipe w i l l  evacuate air i n t o  the  s i ~ h o n  cres t .  
Bor the most part, a f t e r  the water column pasees the c r e e t  of the  siyhon, 
the  remainder of the minute air buhbles which hnve not yet  reached the  top 
eurface w i l l  be  ca r r ied  down by the v e r t i c a l  component of-the water velo- 
c i t y  and w i l l  be rediseolved i n  the water as the pressure i n  the  pipe  
re tu rns  t o  atmospheric preesure. 

A determinalioz of t he  rate of  air separation at  the eiphon c r e s t  due 
t o  the reduction i n  pressure has been made on ' the  physical  ba s i s  which is 
described above. The r e s u l t s  of these computations a r e  shown i n  the  tabu- 
l a t i o n  on the  next page. Note tha t  when there i s  more than one pum on a 
discharge l i n e  these com$utations show that an increase i n  the flaw i n  the 
discharge l i n e  reduces the length of time that  the w ~ t e r  column i s  under 

See "Chemical Ewineers'  Ertndbook", Second Edit ion,  P q e  1122. 

Z/ See "Water Power61, by Joseph P. B i z e l l ,  Page 477. 



TO REDUCTION I N  PRESSURE AT THE SIPHOET 

No. of Pump8 
hera t imz 

Grand Coulee Pump. ~ l B P t l /  
(water temp. = 5 9 O  F) 

Tracy 
(water 

.m!h 
temp. 

Data on the minhum canal watereurface elavatlone i n  the Feeder C d  at Grand 
Cmlee Pumping Plant wse furnished by L. K. Xairse. , T h i s  ming Plant ha8 
12 diecharge l ines  with one pump on each dircharge Pine. 

2/ The rninlmum canal water surface elevation Pn the canal at Qranby Pumping 
P l a t  i s  controlled by the water eurfece elevation i n  Shadow Mountain Be- 
eervofr. This Pum?ing Plant has 3 p-s and one discharge line. 

a/ Data on the  m i n i m u m  canal water eurface elevation i n  Bel t s  Wendotor Canal. was 
furnished by H. X. Brickey. T h i s  Pumping Plant bas two pumpa on each of three 
diecharge lines. 

&/ This value applies for  1 pump operating on each of the diecharge Xinee 



i s  ac tua l ly  a reduction i n  t he  r a t e  of air separation. 

4. Hhximum Rate of A i r  Separation at the Siphon Out le ts  Due t o  the  Com- 
bined Effects  

* .  
In order t o  obtain an eetimate of the maximum r a t e  at which air tends 

t o  eeaarate at the siphon c r e s t  due t o  the  reduction i n  preeaure and a180 

. . due t o  the  action of the pump impeller, the m a x i m u m  values g iv  n i n  the  
above tabula t ion w i l l  be a r b i t r a r i l y  increased by 50 percent. d m e n  
the  estimated maximum r a t e  of air which w i l l  tend t o  separate st the  siphon 
i s  as follous:  

For Grand Coulee Pumping Plant  - - - 4.95 cubic f e e t  per eecond 
For Granby Pumping Plant  - - - - - - 0.47 cubic f e e t  per eecond 
For Tracy Purnping Plan t  - 7 - - - - 1.23 cubic f e e t  per oecond 

5. Rate of A i r  Removal I n  a Pipe Line 

A published account& on the removal of air from pipe l inen by flowing 
water indicates  tha t  f o r  a pipe l i n e  of a given s lope  the  air removal capa- 
c i t y  of f l o w i ~  water depends on the v d u e  of where8 

gll 

V Is the  veloci ty  of water i n  feet per second, 
g i s  the accelera t lan of g rav i ty  i n  f e e t  per eecond per eecond, 
D i s  the  diameter of the  2ipe i n  feet .  

The minimum water veloc t y  f o r  complete air removal has a l s o  been deter- 
mined from other t e a t e l f  as V = 5.5 9 . Inasmuch as the  air removal 
capacity which i s  defined by the two r e l a t i o n s  above also appears t o  check 
the r e s u l t s  of the t e s t s  which were conducted by the  Hyciraulic &&oratory, 
these  r e l c t i ons  w i l l  be used In t h i e  study. From the data which is given 
above the m i n i m u m  veloci ty  of water which 'is required f o r  a siphon t o  
c l e w  i t s e l f  of a l l  e.ir which may be separated from the water i s  then 8 0 .  
follows : 

8" diameter pipe ( laboratory Test nodel) = 4.5 f t / e ec  
12' diameter p ipe  (orand Coulee Pumping plant) = 19.1 f t / a ec  

I 111 diameter pipe  ranby by Pumping p lan t )  = 18.2 f t / e ec  
15' diameter pipe  racy Pumping ~1~nii) = 21.3 f t / s e c  

1 I/ Such an approxination f o r  accounting fo r  the e f f e c t  of t h e  pump impeller 
was ~ugges ted ,  i n  an erticle,  n I n ~ p o r t ~ t  Factors i n  the Design and 

$0 Operation of SiphonsI1, by J. W, MacKeeken, published I n  Eyron-Jackson 
News Let te r ,  July 15, 1931. 

See nRemoval of A i r  fran Pipe Lines by Flowing Water" by A. A.  Kalinske 
and Perc:: R. Bl i s s ,  published i n  C iv i l  En(;ineering, October, 1943. 

I See article by J. W. MacMeaken given i n  footnote 1/ 



expressed an a percentage of com?ltte c lear ing capacity a0 follows: 

811 di8. pipe fo r  the experimental pipe (V = 4.5 f t / e ec )  = 100$ 
121 die. pipe fo r  Grand Coulee Pump. plan? ?vmI = 9.46 f t  sec) = 24.5% 

. 1l1 dia. pipe f o r  Oranby Pumping Plant  (V = 3.1.5 f t /eec(  = 1.q 
min- . 15' dl&. pipe fo r  Tracy Punpi& P l m t  ( v , ~  - 4.34 f t f eec )  = 4 . 8  

b - From a etudy of the values given i n  t h i s  tabulation i t  is apparent t ha t  
siphone i n  saall diameter pipee chn ca r ry  off  l a g o r  proportions of air 
thm siphons i n  large  diameter pipes. I t  can also be Peen that the e f f e c t  
of air removal due t o  the flow of water i n  the pipe at The Grsnby and 
Tracy Punpint: Plants  is negligible.  However, at the  Grand Coulee Pumping 
Plan t  the e f f ec t  of air removal i s  appreciable and must be taken i n t o  
cccount . 
6. Maximunl Rote of A i r  Accumulation et the Siphon Out le ts  

After includkng the e f f ec t  of t i e  air  removal capacity of  t he  water 
the m a x i m u m  r a t e  of air ~ccumulat ion at the siphon c r e s t e  i e  as follows:l/ 

A t  G r e n a  Coulee Fwnping Plant  - - - - - 3.8 cubic foet  per second 
A t  Grmby Pumping Plant - - - - - - - - 0.5 c~~bbic f e e t  per cecond 
A t  Tracy Pumping Plent  - - - - - - - - 1.2 cubic f e e t  per  eecond 

7. Comments 

It is believed tha t  the reau l ta  given i n  the above tabulation ere o f  
the proper order of magnitude. In view of the f ac t  that the reeu l te  were 
obtained by deduction a l o n ~  no pretense of extreme accuracy i s  implied. 
If the  s?paretus f o r  removiw the accumulated air i s  not used, an air 
pocket w i l l  form et the ai2non c res te  at each of the three  pumping plants. I 

The volume of t h i s  air pocket w i l l  increaee u n t i l  a water veloci ty  of about 
18 f e e t  per second i s  a t t a ined  pas t  the air pocket. Thereafter t h i s  higher 
ve loc i ty  w i l l  prevent a further enlargement i n  the volume of the air pocket. 
For the case of Grand Coulee Pumping P l ~ n t  the head l o s s  due t o  the  pre- 
nence of such an air pocket w i l l  be about 0.5 foot. Such a head l o s s  
would require an addi t ional  power input of about 100 horfiepower at each 
pump motor. Hence it  i s  ap3rsrent that  the use of a suct ion pump or  
s imiler  Bevice fo r  evacuating the air w i l l  be very prof i table .  

Measured at atmonpheric pressure. 



'=&norandurn t o  John Pmakian by J .  L. ~ i l l i l k d ,  dated March 22, 
1948, subject, nSolubility of a i r  in water - Grand Coulee Pumping 
Plant, Columbia %sin P r ~ j e c t . ~  



Denver, Colorado 
March 22, 1948 

From : 3. L. Gilliland 

Subject: Solubility of air in water - Coulee Pumping Plsnt, Columbia 
Basin ProJect. 

1. In accordance with your request, the following cabculetione 
have been made to ahow the amount of gas diesolved in the water st the 
intake and at the top of the niphon of the Coulee Pumping Plant under 
e?ailibrit;am conditions. 

2. In d i n g  theee ca~culetions, certain aaeumptione were 
necessary, the first of these being that the amount of dlseolved air 
at the intake equals the amount dlasolved st the reservoir surface at 
eq-librium. All solubility calculations are baaed on Henryls J a w  

where 

P = partial preesure of gae in gar, phsee 

H = Henry's l a w  conetbnt 

X = mol fraction of dissolved gas 

The following values of Henry's Law Constant were use& (pressure in 
mm Hg - temp 15' c): 

3. The amount of air in solution at the intake is as foll.owus 

Vapor pressure H20 @ 15' C = 12.8 nm 

Air = 79$ 8,. 21% o* 

For N2 from Henry's Law 
-. 

(760 - 12.8).79 = 5.606- x lo7 r 

X = .0)642 m01.s. N2 



For O2 

X = ,01963 mob. o2 

Total  diaeolved gaa = ,03642 + .01963 = ,05605 mols, 

Since 1 mol. occgpies 359 cu ft at 0' C, 760 mm, the  volume of di.0 
solved gas at 15 C is: 

4, Because of tile d i f fe r ing  so lub i l i ty  of the two gases, they 
wi11,go in to  solut ion at d i f fe ren t  r a t e s ,  and be expelled at  d i f f e r en t  
ra tes .  Therefore, i n  order t o  determine the volume of gae expelled 
.at the top of the siphon, it i s  neceeeery to set up a eerie8 of equa- 
tions fo r  simultaneous solution,  

, basis  - l C O O  cu f t  H20 = 3 4 6 C  mols. 

- 15' C 

Let X = p a r t i a l  pressure of O2 in gae phase 

Y = p a r t i a l  preasure o f  N2 i n  gas phase 

a = mols of O2 i n  gas phase 

b = moXs of N2 in gas phase 

Assume the t o t a l  preeeure at the top of the aiphon t o  be 310 nm 
absolute (20 f t, ve.cuum) , This oressure I s  the sum of the partial 
preswres  of 02, B2, and water vapor (13 nm): 

Theref ore: 

From the gas l a w s  

A t  a conetant temperature, each gas ocwpies  the  t o t a l  vohnne 
a t  i t a  p a r t i a l  pressure-, . 



and B = b  - 
297 - y Y 

and b = a= - - - - - - I - -"- - - -  

297 - Y 
(2) 

blew, using Henryle L a w  as fn Paragraph 3: 

For O2 

and for  IT2 

Y = 5.606 I lo7 x ,03642 - b - - - - - I - - -  

3460 
(4) 

&om equation (3) 

From equations (4) and (2 ) '  then subetitutfn6: 

- '4~ for a 
7990 

y2 + 571 7 - 146.800 = 0 

Y 213 mm (part. psees. lZ2) 

.*, X 297 - 213 = 84 mm (pert preee. 02) 

Therefore, t'ne t o t a l  nola stripped 

= ,00913 + 00231 a03223 



288 = 12.4 cu. ft. ,+$& x .03223 1 359 = - 
5. Born theee calculations it appears that If all the gss to 

equilibrium comes out, o f  solution; 12.4 cu. f t .  (measured at atmos- 
pheric conditlon~) will hire to be ramoved per 1 M ) O  cu. it. of 820, 



Denver, Colorado 

July 18, 1948 

Memo ranlimn 

To: U. G. I~leber 

*om: D. J. Hebert and C. R. Daum 

Subject: Rate of air accumulation resulting from uasaturation of the 
water in the outlet siphons--Grand Coulee Pumping P l a t -  
Columbia Basin Project. 

1. Reference is made to the following material: 

a. Memor~ndwn to L, K. Moire6 and W. G. Weber from John 
Parmekinn, "Rate of air accumulation at the siphon outlet 
at Grand Coulee, Granby and Tracy Pumping Plants." 
Apr 11 2, 1948 

b. Pro~erties of Ordinary Water-Substance, by Doreey, p$p. 5524 

c.  Sumary--Grand Coulee Pump tests at California Institute 
of Technology, July, 1940 

2. At your request the study reported herein was made to eerve' 
as a check egg.oin~t the rate of air accumulation estimsted In reference (a) 
above. k review of this study and a conference attended by Messrs. Weber, 
f;:.rm&ian, Sall, Gillilmd., Hebert, Daum and fiisi led to the conclusion 
that t~le reconmendationc in the Parmekien memorandum were baeed on a 
soum  and reaeonable approach but were nlnereble on one ecore. The 
assumption that an equilibrium condition would be obtained when the water 
in the siphon I s  subjected to a reduced pressure for a period of some 10 
seconde does not recognize t k t  the rate at which air comes out of solution 

. is fairly slow. 

3. Material contained in reference (b) allows a computafion to be 
made for the condition of water in a vessel of volume llV" exposed to 
sir with an area of contiact nhll. The formula is given as: 



where - - 
as indicated by subecripte 

6 = e x i t  coef f ic ien t ,  which f o r  water at loo C i a  0.436 cm/min. 

A = area  of in te r face  

V =I volume o f  Linuid 

Although the  conditions t o  which the equation apnl ies  a r e  not duplicated 
I n  the Coulee Siphon, a computation was made usine: fo r  "VIt the  volume o f  
water contained i n  the con(1uit above the ?lane of atmospheric preesure and 
for  I1Att the wetted a rea  of the eao~s por t ion of the conduit. Using a time 
of 10 seconds as the period epent at reduced pressure ,  the a i r  t he t  would 
come out of solution (c10 - C ) expressed as a r ~ t i o  of the  amount t h a t  
would come out if allowed sufyic ient  time (c, - Co) would be: 

= 0.0008, o r  approximately 0.1 percent 
Co - Co 

The value of 0.1 percent is  extremely small and i s  subject  t o  the 
l im i t a t i on  t ha t  the  wetted area of the  y i p  WELS used i n  place of the 
a r ea  of a c lea r ly  defined air-water in terface .  The s ignif icance of the  
r a t i o  which should be  regarded. as a mininnun eetimate only i s  that, during 
the  f i r s t  t en  seconds following a pressure reduction only 0.1 percent of 
the  a i r  corresponding t o  equilibrium conditions is relansed. 

b. The eame equation WLS used t o  comgute the air being s t r ipped i n  
H 6ii)llon which was described i n  Wcineerinq News Becord of September 16, 
1520. Operation data indicated that air col lected i n  the siphon at a 
minimum rate of 3 cubic f e e t  per hour at the receiver  pressure. Aeeuming 
the  receiver  pressure equcl t o  t!at i n  siphon or 9.5 p s i  the rate would 
be 0.84 cubic f ee t  per tlour of air under atmospheric pressure, Based on 
a t ine  ictervnl. of 116 seconds (entimuted by ~armakian) spent at subatmospheric 
pressure the equation, using "An m u  I1Vt1 as previovsly discussed, reeulte 
i n  a value of 0.2 o r  20 percent of equilibrium c:onditions. Since the  
e n t i r e  florr can contribute a i r  (air bubbles or iginat ing at the invert 
have ample time t o  reach the top) the poesible air that can be s t r ipped 
i s  the di f ference i n  concentration at atmospheric preseure and at a 
vacuun of 24.5 f e e t  of water ( t h e  pressure tit the top of the siphon). 
The poss ible  quanti ty of air i n  j0..2 cu'oic f e e t  per hour at standard 
conditions. h%bin{: the ratio of 20 percent t o  the value of 30.2 reau l te  
i n  e. rats of accumulation of eomo 10 cubic f e e t  per hour conpared t o  a 
measured value of 0.8. If the presswe  of the receiver were atmospheric 
ins tead of 9.5 psi n8 assumed, the  measured accumulation would be 3.0 
compared t o  the computed value of 10.0. .The difference between computed 
and measured values i s  fn part due t o  the f a c t  t h a t  some of the air 
would be pum?ed on through siphon. The not too unfavorable compakison 
provide8 some assurance t ha t  the i n t e rp re t a t i on  of the  terms "A" md "V" 
l e d s  t o  r e s u l t s  which Rre of the proper order of  m ~ n l t u d e .  



reference (c )  involved the  sudden reduction of the  pressure on a watax 
smp le ,  sa turated with air ,  by ezpnndlng i t  with a piston. A s  the  air 
came out of eolution th6 pressure increaeed until. the concentration of 
air remaining i n  solut ion was i n  equilibrium at the p a r t i a l  pressure which 
prevailed, The conclueionn reached by the experimenters a r e  quoted below. 

(1) Approximately one ho& i s  required at present f o r  the 
establiehment of equili'Sriun between l i qu id  and gaseous phase. 

( 2 )  The time' required fo r  the diseolution of the  air from the 
vrater i s  nearly independent of the  qu~ l s t i t y  of air t o  be separated, 

( 3 )  Increasing the  ag i ta t ion  of the sample reducea the  time 
required for the process, but may cause l o c a l  cav i ta t ion  which 
reeu l te  i n  w h a t  may be termed s ~ ~ e r - u n s a t u r a t i o n '  of the  aqueous 
eolution. 

Note: The samples were ag i ta ted  by a propeller  ro t a t i ng  i n  the  f luid .  
The ewerimentie prove t ha t  an a~pr ,eciable  time i s  required f o r  air t o  be 
se9arated from an aqueoue solut ion fo l l owiw a reduction i n  pressare ,  even 
though the water i e  ag i ta ted  violent ly ,  In the experiments the initial 
pressure a f t e r  ewansion of the  f l u i d  was uaually only a f e w  inches of water 
above vapor p~ josure. 

6 The t e s t  r e s u l t s  of two eeer lmente ,  Runs 9 and 29 of the  Grand 
Coulee t e s t a ,  were used t o  es t ina te  r a t e s  of air separation t h a t  might be 
applied t o  the  Coulee Siphons. The d a t a  taken d u r i w  the t e s t e  include 
reudings of time and pressure as indicated by the height of mercury i n  a 
manometer connected t o  the water sample. Since the  data  did  not include 
the  zero reading of the manometer corresponding t o  atmospheric pressure,  
absolute  value^ of preeoure could not be extracted from the avai lable  
recorde. Pressure changes for  the f i r s t  recorded in te rva l s  i n  percent of  
the preesure changes for  equilibrium condition8 were computed from the  
manometer readings, Since the system w a s  closed the volume changes at  a 
given time r e l a t i v e  t o  t he  t o t a l  volume e w e s  &en allowed t o  reach 
equiLibrLum were ayproximately equal t o  the r e l a t i ve  pressure changer. 
The r e l a t i v e  volume changes for  the f i r a t  i n t e rva l  i n  Runs 9 and 29 were 
reeaectively: 24.7 percent i n  2 minutes and 47.1 percent in 5 minutes, 
Aeeuning t h a t  i n i t i a l  r c t e s  t o  be the  same ae the aver e r a t e s ,  the per- 
centage chenges i n  10 eeconde would be: 10/2 x 60 (24.7 ? or  2.0 percent 
fo r  Run 9,  and 1015 x 60 (47.1) or 1.2 percent f o r  Run 29. 

7. A ra ther  cotwee experiment w a s  performed i n  the hydraulic 
laboratory t o  demonatrate that  the r a t e  of eeperation of' air from solut ion 
i~ r e l a t i ve ly  slow. The 'experiment coneisted of 'lowering the pressure o f  
a water sample to a vacuura of about 20 f e e t  of  water, The erction,'which 
you obeerved, proceeded v e F ~  slowly a d  resembled boi l ing  i n  that the 
bubbles of air formed at the bottom and s ides  of the container, The bubbles 
detached themselves and rose I n  the f l u i d  a f t e r  e x p a n d i ~  aomewhat from 



the  a ize  when or ig inu l ly  fopmed. Agitat ion of the o q l e  by oec i l l a t i on  
of a glans tube i n  the  water accelerated the  ac t ion  'Dut a 50-fold increme 
i n  the observed r a t e  would e t i l l  be slow. 

8. The marlmum r a t i o  obtained in the  areceding coneideratione was 
2 percent of equilibrirun conditions. It is  recommended that  t h i s  r a t i o  
be ap7l isd  t o  the  r a t e  estimated i n  reference (a) f o r  com.auting the r a t e  
of air accumulation i n  the  Grand Coulee Siphon. The r a t i o  t o  be applied 
t o  the r a t e  estimated f o r  other siphons i n  reference (a) can be obtained. 
by multiplying the value of 2 percent b;.r the  ratio of the time ebent 
at subatmoepheric pressure t o  10 seconds. 

9. Since the r e s u l t s  of two independent computations d i f f e r  widely 
and s ince  data on the problem of alr separation i s  aa limited It i e  
etrongly urged t h a t  the proposed f i e l d  t e s t  program of  the Grand Coulee 
Sighon be enlarged t o  include determinatione of air accumulation and 
ite possible  effects .  

10. The advice and ass is tance of J; L. Gil l i l and  i n  connection with 
t h i s  etudy i s  herewith acknowledged. 


